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The macromonomer, 3-(2,5,8,ll,14,17,20,23-octaoxyhexadodecyl)thiophene
3-(OHDT), has been synthesized. The macromonomer has a glass transition temperature
of -77 ®C which corresponds to the soft oligooxyethylene sidechains that are attached to
the thiophene backbone. Further studies indicate that the oligooxyethylene repeat units
vary in size.
The homopolymer, poly[3-(2,5,8,l l,14,17,20,23-octaoxyhexadodecyl)thiophene]
P[3-(OHDT)], has also been synthesized. It has two separate glass transition
temperatures. The value at -47 °C corresponds to the soft oligooxyethylene phase and the
value at 72 ®C corresponds to the hard thiophene backbone. When doped with LiC104,
the maximum ionic conductivity is 1.7 x lO"^ S cmT* at 25 ®C. When doped with h, the
maximum electronic conductivity is 3.5 x lO"^ S cm'' at 25 °C.
Random copolymers of poly(3-methylthiophene) and poly[3-
(2,5,8,1 l,14,17,20,23-octaoxyhexadodecyl)thiophene] P[(3-MT)-co-(3-OHD'I)], were
made with different weight fi^ctions of each monomer. The glass transition temperatures
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ranged from 67 to 76 ®C. This was dependant on the amount ofP[3-(OHDT)] present
in the copolymers. The copolymers were doped with LiC104 and I2 to determine the ionic
and electronic conductivities respectively. For the P[(3MT)-co-(30HDT)], depending
upon the copolymer composition, the maximum ionic conductivity is 1.0 x lO'^ S cm"'
and the maximum electronic conductivity of6.7 x lO ’ S cm"’ at 25 ”C is observed.
2
THE PREPARATION OFMIXED IONIC AND ELECTRONIC CONDUCTING
COPOLYMERS OF 3-(OLIGOOXYETHYLENE)THIOPHENE/
3-METHYLTHIOPHENE
A THESIS SUBMITTED TO THE FACULTY OF CLARK ATLANTA UNIVERSITY
IN PARTIAL FULHLLMENT OF THE REQUIREMENTS FOR
THE DEGREE OF MASTER OF SCIENCE
BY








First and foremost, I would like to thank God for giving me the strength and
patience to earn my degree and complete this phase ofmy life. I would like to give my
heartfelt thanks to my advisor. Dr. Ishrat M. Khan. Thank you for taking me under your
guidance and restoring my confidence. Thank you for your patience and for being my
friend. I will always remember you.
I would like to thank the members ofmy committee for all of their guidance and
support. Thanks are also extended to members of the Khan group and the Clark Atlanta
University family who assisted in the work of this thesis.
I would like to thank the brothers of the Omega Psi Phi Fraternity, Inc. for their
“uplift” in pursuit of this degree. “Friendship is essential to the soul.”
Finally, I would like to thank my mother, Cecile, my father, Lagree Sr., my
grandmother, Mattie, my sisters, Monica and April, and all ofmy friends for all of their
encouragement and support during the course ofthe work contained in this thesis.





LIST OF HGURES v
LIST OF TABLES vii
LIST OF SCHEMES viii
LIST OF ABBREVIATIONS ix
CHAPTER I
INTRODUCTION 1
1.1 Electroactive Polymers and Solid Polymer Electrolytes 1
1.2 Objectives 6
1.3 Scope oftheWork 7
CHAPTER II
BACKROUND 8
2.1 Aspects ofConductivity in Organic Materials 8
2.2 Electronic Conducting Polymers 9
2.3 Ionic Conduction in Solid Polymers 18









3.4 Preparation ofCopolymers of3-Methylthiophene and
3-(OHDT) 27
3.5 Electrochemical Polymerization of3-Methylthiophene and
3-(OHDT) 28
3.6 Preparation ofComplexes ofP[3-OHDT] and
P[3MT-co-30HDT] 30
3.7 Characterization ofMonomers 31
3.8 Characterization ofPolymers 32
CHAPTER IV
RESULTS AND DISCUSSION 36
4.1 Properties of3-(Bromomethyl)thiophene 36
4.2 Properties of3-(2,5,8,l 1,14,17,20,23-octaoxyhexadodecyl)
thiophene 39







1.1.1 TiSi Utilized as aMixed Conductor 2
1.1.2 Idealized Morphologies ofMicrophase Separated Block
Copolymers 3
1.1.3 P[4VP-b-MG8] Block Copolymer 4
1.1.4 P[3MT-b-MG8] Block Copolymer 5
1.1.5 P[3MT30T-b-MG8] Block Copolymer 5
2.1.1 Electrical Conductivity (in Q*’cm'*) ofVarious Materials 8
2.2.1 Construction ofBand Structure in Conjugated Systems 11
2.2.2 Representation ofthe Band Structure Foimd in Various Materials 12
2.2.3 Examples of7i-Conjugated Organic Polymeric Conductors 12
2.2.4 Examples ofPolycation Radical Ion Salt Polymeric Conductors 13
2.2.5 Example ofaMetal Polymeric Conductor 13
2.2.6 Reduction ofPolyacetylene 15
2.2.7 Interchain Hopping ofBipolarons in a Conjugated System 16
2.3.1 Ionic Conductivity ofa Salt Dissolved in a Solid Solvating Polymer 19
3.5.1 Analytical Cell Kit Assembly Diagram 29
3.5.2 EG&G PARC Model 263A Potentiostat 30
V
3.8.1 Equivalent Circuit for the Complex Impedance of the Homopolymer
and the Copolymers 34
4.1.1 400 MHz 'HNMR Spectrum of 3-(Bromomethyl)thiophene 37
4.1.2 FTIR Spectrum of3-(Bromomethyl)thiophene 38
4.2.1 400 MHz *HNMR Spectrum of 3-(2,5,8,l 1,14,17,20,23-octaoxyhexadodecyl)
thiophene 40
4.2.2 FTIR Spectrum of3-(2,5,8,l 1,14,17,20,23-octaoxyhexadodecyl)
thiophene 41
4.2.3 DSC Thermogram of3-(OHDT) 44
4.2.4 Cyclic Voltagram of3-Methylthiophene 45
4.3.1 *^C CP-MAS NMR Spectrum of the Homopolymer 47
4.3.2 *^CCP-MAS NMR Spectrum ofthe 90:10 Copolymer 48
4.3.3 *^C CP-MAS NMR Spectrum of the 50:50 Copolymer 49




3.1.1 Preparation of3-(Bromomethyl)thiophene 23
3.2.1 Preparation of3-(2,5,8,l 1,14,17,20,23-octaoxyhexadodecyl)
thiophene 25
3.3.1 Preparation ofP[3-OHDT] 24



































Fourier Transform Infrared Spectroscopy
Gram
Gas Chromatography-Mass Spectrometry
Highest Occupied Molecular Orbital
Hertz
Intrinsically Electronic Conductive Polymer
IX
LIST OF ABBREVIATIONS CON’T
LiC104 Lithium Perchlorate





MIEC Mixed Ionic and Electronic Conductive Polymer
ml MUliliters
mol Moles
MPEG Methoxy Polyethylene Glycol
MSD Mass Selective Detector
3-BMT 3-(Bromomethyl)thiophene
3-MT 3 -MethyIthiophene























SPE Solid Polymer Electrolyte
TBAB Tetrabutyl Ammonium Bromide
To Crystallization Temperature
TCNQ 7,7,8,8-Tetracyanoquinodimethane







LIST OF ABBREVIATIONS CON’T
Valence Band
Real Components of the Complex Impedance





1.1 Electroactive Polymers and Solid Polymer Electrolytes
The design of electro^tive polymers has been ongoing for 20 years. These
electroactive or conducting polymers may be classified into the following groups:
1. Ionic conduction in solid polymers (SPE).
2. Intrinsically electronic conductive polymer (ICP).
3. Mixed (ionic and electronic) conductive polymers (MIEC).
Mixed conducting polymers are combinations of ionic conducting polymers and
electronic conducting polymers. In these polymer systems, simultaneous ionic and
electronic conductivity is possible. Inorganic mixed conductive materials have been used
in multiple applications such as solid state batteries, chemical sensors and oxygen
permeable membranes.*’ ^ An example of these materials are titanium disulfide and P-
alumina. In order for these materials to be an effective cathode for a battery
configuration, it must be a sink for the anode metal. It must also possess high ionic
mobility and high electronic conductivity. The anode metal may diffuse into the Van der





Figure 1.1.1 TiSi Utilized as aMixed Conductor
Novak et. al., were the first to report on mixed conducting polymers.^ They
prepared an electroactive blend of poly(pyrrole) which is electronic conducting and
poly(ethylene oxide)/alkali metal salt which is ionic conducting. Minnet and Owen later
developed the mixed conductive poly[N-3,6,9-(trioxydecyl)pyrrole], abbreviated
poly(NTP) to overcome the macrophase (electronic and ionic domains) separation
problem associated with the Novak type blends.'*
One of the problems associated with heterogeneous mixed conducting blends is
the percolation limitation to charge transport, which results in lower conductivities. The
overall value of observed ionic conductivity is a function of both the rate ofmovement
and the number of mobile ionic species. The heterogeneous nature (larger than micron
sized domains) of the mixed conducting blends most likely results in the formation of
discontinuous ionic phases (or domains), which is an impediment to ionic transport, and
hence, lower ionic conductivities than expected are observed because continuous sites of
coordination needed for ion transport are not available. The problem can be overcome by
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using a microphase (phases of a few hundred angstroms as opposed to microns for
macrophase) separated polymer matrix with continuous ionic and electronic conducting
domains. Poly(NTP) does not exhibit microphase separatioa Therefore, it was of interest
to develop mixed conducting polymer systems that are microphase separated. Idealized
morphologies of such microphase separated mixed conductive polymers are shown in
Figure 1.1.2.*
□ Ionic Conucdng Phase Electronic Conducting Phase
Figure 1.1.2 Idealized Morphologies ofMicrophase Separated Block Copolymers
In 1991, our group first reported the development ofmicrophase separated mixed
(ionic and electronic) conducting or MIEC block copolymers. Poly(4-vinylpyridine)-
block-poly[(jo-methoxyocta(oxyethylene)methacrylate] abbreviated P[4VP-b-MG8] as







Figure 1.1.3 P[4VP-b-MG8] Block Copolymer
The P[4VP-b-MG8] copolymer was doped with LiC104 to obtain an ionic conducting
oligiooxyethylene domain, while the 4-vinylpyridine block, after quartemization with
methyl iodide, was doped with 7,7,8,8-tetracyanoquinodimethane, (TCNQ), to obtain an
electronic conductive phase. The doped block copolymers are microphase separated with
electronic and ionic conductivities limited to separate microdomains. The P[4VP-b-MG8]
displayed low conductivies ofelectronic and ionic conductivity values around lO"^ S cm’*
and lO"^ S cm’* respectively. The ionic conductivity value is acceptable but the electronic
conductivity values need to be higher for application in electronic devices.
In order to increase the electronic conductivity values, a second microphase
separated mixed conducting block copolymer was made.*^ Poly(3-methylthiophene)-
block-poly[(o-methoxyocta(oxyethylene)methacrylate], abbreviated P[3MT-b-MG8] is








Figure 1.1.4 P[3MT-b-MG8] Block Copolymer
The electronic conductivity increased to (10'^ S cm'*) and the ionic conductivity remained
the same at 10"^ S cm'*. Both the electronic and ionic conductivity values are acceptable
for certain electrochemical device requirements.





Figure 1.1.5 P[3MT30T-b-MG8] Block Copolymer
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After appropriate doping, the electronic conductivity was increased to (10‘^ S cm'*) and a
slight in:^)rovement in processability is observed. When performing electrochemical
studies on the series of block copolymers discussed, it has been discovered that the
carbonyl group on the MGS can be oxidized non-reversibly via electrochemical methods.
This is undesirable. It was, therefore, necessary to develop a novel mbced conducting
system that would retain the high electronic conductivities and imdesirable oxidation-
reduction processes will not be present.
This thesis will cover the design, synthesis, characterization and properties of a
new macromonomer, poly[3-(2,5,8,11,14,17,20,23-octaoxyhexadodecyl)thiophene],
abbreviated P[3-OHDT]. This macromonomer is reacted with different weight fi-actions
of 3-methylthiophene to produce poly(3-methylthiophene)-co-poly[3-
(2,5,8,1 l,14,17,20,23-octaoxyhexadodecyl)thiophene], abbreviated P[3MT-co-30HDT].
The synthesis and characterization of the polymers will also be reported.
These MIEC polymers have the potential to lead to major technological
breakthroughs in areas such as micro and nano scale electronic devices e.g. switches,
sensors, elastomeric polymer electrodes, biomembranes capable of simultaneoijs
electron/ion transfer, and electromagnetic radiation shields.
1.2 Objectives
The objectives of this thesis are as follows: (1) the synthesis and characterization
of the macromonomer, (2) the synthesis and characterization of the homopolymer and
copoljoners, (3) determine the ionic and electronic conductivities, (4) determining the
electrochemical properties of the macromonomer, the homopolymer and the copolymers.
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These objectives were accomplished by conducting the tasks shown below:
i. Synthesis of3-(OHDT)
iL Synthesis ofP[3-OHDT]
iii. Synthesis of random copolymers with varying weight fractions of
3-MT and 3-(OHDT).
iv. Characterization ofall systems prepared.
1.3 Scope of theWork
Chapter II contains the theoretical backgroimd information associated with the
current project. Chapter III includes experimental procedures, reagents and apparatus
used to carry out this work. All of the synthetic procedures are described in detail. The
procedures for general characterization such as NMR, DSC, GC-MS, and
electrochemistry are briefly described. The aspects of conductivity measurement,
including theory, fundamental techniques and specific apparatus are addressed in this
section.* Chapter IV covers results, data analysis and discussion. Since the major focus of
this work is pertaining to electroactive polymers and copolymers, a large emphasis will
be placed on the optimization of the conductivity values.
CHAPTER II
BACKGROUND
2.1 Aspects ofConductivity in Organic Materials
Solid materials are classified as conducting materials (metals), semiconductors or
insulators. This is based on their electrical conductivity. Figure 2.1.1 illustrates the
electrical conductivity of these materials.





















Figure 2.1.1 Electrical Conductivity (in Q'* cm"') ofVarious Materials
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Most classical organic polymers are electrical insulators. Polymers that are
electrically conducting are candidates for a wide range of uses. Some examples are their
use in sensors, integrated circuits to electrodes and static-free packaging materials. There
has been a considerable effort to synthesize organic polymers that are electrically
conducting.^’ “ Organic conducting polymers have the potential to offer two potential
advantages over the traditional inorganic materials used as conductors.*^ First, the
processing of conducting polymers by molding and other plastics processing techniques
into the various electrical and electronic devices is relatively easy compared to
metallurgical processes used for inorganic conducting materials. Second, the lightweight
property of polymeric materials would make certain types of applications more practical
and economical.
In the late 1940’s to early 1950’s, pioneering work reported on the electrical
conduction of organic materials for certain classes of organic compounds.'^’ These
initial results prompted further research in the field of organic conductors. Since then,
studies of organic conductors have made remarkable progress over a period of 40 years.
Earlier, the three types of conducting polymers were listed. All three types of conducting
polymers will be discussed in the remainder ofthis chapter.
2.2 Electronic Conductin2 Polymers
Research on electrically conducting polymers has been on going for many years.
They have a wide variety of uses such as semiconductor chips, lightweight battery
components and static-free packaging materials.'^’ Electronically conducting polymers
allows for electronic conduction by providing a way for electrons to migrate along the
polymer chain. These polymers have a series of “conjugated” delocalized double bonds.
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“Doping” of these polymers is necessary to insert the electrons into the delocalized
network or to remove electrons and leave positive holes. Doping can occur by treatment
ofelectron acceptors, (eg. I2) or by electrochemical oxidation.
Researchers have developed numerous theories to answer the question of how an
applied current flows through organic materials.The band theory is the most widely
used theory to explain this phenomena.^’’
Electronic conduction in polymers occurs via the easy migration of electrons
through the molecular and solid state structure.*^ This happens because large molecules,
which have a delocalized imsaturated electronic structure, generate properties that are not
found in simple small molecules. Electrical properties in these molecules are different
because their structures are different.
One of the simplest examples is a diatomic molecule derived from two identical
atoms that have one electron readily available for bonding. The formation of the bond
generates two new energy levels. They are the bonding level and the antibonding level.
The bonding level has the two electrons occupying it. The antibonding level is empty. If
enough energy is supplied (hv or heat) to the bonding level, an electron can migrate to the
antibonding level. The same principle occurs for more complex molecules and large
polymer systems. This is illustrated in Figure 2.2.1.
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Separate Diatomic Medium-sized Ultrastructure






Figure 2.2.1 Construction ofBand Structure in Conjugated Systems
When the molecule reaches a certain size, the bonding orbitals become crowded
together on the energy scale to form a set of closely spaced energy levels. This is known
as the bonding band or valence band. A similar process occurs with the antibonding
orbitals. This band is called the conduction band. The term “band” is used because the
energy levels are so closely spaced that for all practical purposes, they form an energy
continuumwithin which electrons can exchange places and are free to wander throughout
the material. The two bands are usually separated by an energy gap known as the band
gap. The height of the band gap and the degree to which the valence band is filled with
electrons determine if the material is an insulator, a semiconductor, a metal or a




Figure 2.2.2 Representation of the Band Structure Found in Various Materials
Electrically conducting polymers may be grouped into the following groups
classes:
1. n- conjugated polymers
2. Charge transfer complexes
3. Metal-coordination polymers












Figure 2.2.4 Examples ofPolycation Radical Ion Salt Polymeric Conductors
M= Ni, Cu, Pt
Figure 2.2.5 Example ofaMetal Containing Polymeric Conductor
141.Ti-Conjugated Polymers
Ti-Conjugated polymers are the major class of conducting organic polymers. The
similarity, with polymers of this type, is that they all are conjugated polymers. The
double bonds can delocalize electrons over the entire backbone.
Polyacetylene has received the most attention of all the conducting polymers
because:
1. The monomer is inexpensive and readily available
2. Easy synthesis
3. The conductivity can be varied depending on the dopants (10 - 10* S cm'*)
In 1977, a major advancement occurred when it was discovered that the
conductivity of polyacetylene could be increased, tremendously, by chemical and
electrochemical oxidation and reduction (p-doping and n-doping respectively).^^’
Numerous catalysts systems have been employed for polyacetylene synthesis.^*'^’ The
most common route of synthesis is the Shirakawa route.^^ This method involves the
polymerization of acetylene with a concentrated Ziegler-Natta catalyst (typically a 4:1
mixture of Ti(OC4H9)4-Al(C2H5)3). The main problem associated with doped
polyacetylene is its instability in air and sensitivity to moisture and heat. These
drawbacks have limited its study and proposed applications.
Neutral polyacetylene is an insulator because its band gap is large. When an
electron is added to neutral polyacetylene (n-type doping), a polaron is formed. This
polaron has an association with the counter NT ion which is accompanied by the
generation of a doubly occupied bonding orbital and a singly occupied anti-bonding
orbital. The two energy levels formed are located in between the valence and conduction
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amount of doping increases, more polarons are formed. Some of the polarons interact
electronically with each other producing a bipolaroa Polarons and bipolarons can move
along the polymer chain by rearrangement of double and single bonds in the conjugated
system. The bipolaron contains no unpaired electrons, but its energy levels in the band
gap would allow facile jumps of electrons into the conduction band. Conduction
pathways would be generated without the presence ofsemipermanent free-electron states.
Radical cation doping (p-type) can also occur in polyacetylene. The bipolaron model is
also used for the description of the hopping process of the charge carriers between
adjacent polymer chains. It is generally accepted that due to the high activation barrier,
the inter-chain hopping is the rate limiting process for the charge transfer that occurs in

















Figure 2.2.6 Reduction ofPolyacetylene
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Figure 2.2.7 Interchain Hopping ofBipolarons in a Conjugated System
More recently polypyrrole and polythiophene have been receiving the most
attention of the conducting polymers. These polymers are hydrolytically and thermally
stable. Poly(thiophene) has an extended conjugation which makes the polymer chain stiff,
similar to a rigid rod polymer. As a result of this phenomena, the polymer caimot be melt
processed or dissolved. The solubility and conductivity of these polymers have been
enhanced by the introduction of aliphatic side chains.^^'^® These polymers are now being
studied for various applications. Poly(3-alkytthiophene) derivatives are attractii^ the
most attention. These macromolecules have been dissolved and melt processed. More
recently, devices have been designed and suggested incorporating poly(3-
alkylthiophenes).'*’'^
The processability of poly(thiophenes) can be facilitated by blending with
polymers such as poly(vinyl alcohol) and poly(vinyl chloride).^^ Conductive polymer
composites of such systems have been prepared by blending with polystyrene in solution
and casting films. These blend systems may serve to provide better processing properties
and mechanical properties. Some of the drawbacks of poly(thiophenes) are due to the
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heterogeneity ofmixing two different components. In some cases, it is due to the lack of
solution processability because of the presence of the insoluble polymer component.
Poly(thiophenes) are more soluble when copolymerized with polymers like methyl
methacrylate.'^^ These copolymers are soluble in several organic solvents and exhibit
conductivities between 10'^ and 0.2 S cm’*
Poly(3-alkylthiophenes), like other conducting polymers, conduct only when
doped. The common doping methods include solution doping, vapor phase doping, and
electrochemical doping. Sato et. al.^^ reported conductivities of 450 to 510 S cm’* for
poly(3-methylthiophene), synthesized by Grignard coupling polymerization at very high
iodine concentrations. McCullough et. al.'**’ reported on poly(3-alkylthiophenes)
consisting of aliphatic butyldodecyl functionalities describing conductivity values from
10’* to 10^ S cm’*.
2. Charge Transfer Complexes
Organic conducting materials can achieve electrical conductivity through transfer
of an electron, or charge from an electron donor to an electron acceptor molecule. These
organic conductors are known as charge transfer complexes. The first charge transfer
complex was prepared using an electron acceptor, 7,7,8,8-tetracyanoquinodimethane,
TCNQ. The complex was synthesized in 1960.^** This complex was originally believed to
be semiconducting.
Charge transfer occurs when an electron from the HOMO (Highest Occupied
Molecular Orbital) of the donor is transferred to the LUMO (Lowest Unoccupied
Molecular Orbital) of the acceptor. A very regular crystal is necessary to give optimal
orbital overlap for charge transfer to take place. In the solid state, charge transfer salts
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crystallize into two segregated stacks. One stack has all donor molecules and the other
stack has all acceptor molecules. In each stack, the orbitals form a band of electronic
states. Charge transfer of some of the electrons gives rise to the partially filled bands
needed for conduction. Conduction occurs anisotropically along these stacks.^' Most
charge transfer salts are incorporated as pendant groups on the polymer.^^'^^ Almost all
charge transfer polymers are photoconductive, therefore, conductivity can be enhanced as
a fimction ofelectromagnetic radiation wavelength.^^
3. Metal-Coordination Polymers
Various metals have been incorporated into some polymers. Metals in polymers
work in several ways to improve electrical conductivity. The d-orbitals of metals may
overlap with the rr-orbitals of the organic structure and delocalize electrons along a
molecule. Metals may also serve as bridges in adjacent layers of polymers that stack to
form a one-dimensional system along the stacking direction. Most of these systems are
insoluble and oligomeric, having poor conductivities, even when doped. Some
coordination polymers containing Fe^^, Co^^, and Zn^^ show semiconductor
properties with conductivities in the order of 10‘’° to lO*^ S cm■^^^’^*
2.3 Ionic Conduction in Solid Polymers
Certain polar polymers can fimction as a solid solvent for various salts. This is
because these polymers have electron donor sites for coordination that can be used to
form weak linkages to the cation of various salts. Polymers of this type are normally
doped with an alkali metal salt (eg. LiC104) to generate the ionic charge carriers. The
ions must be mobile and be able to migrate towards the electrode. The polymer must have
enough “fi'ee volume” for migration.
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Even though the exact mechanism of ionic conduction in polymers is not fully
understood, a reasonable explanation can be givea If one or both of the ions are weakly
coordinated to sites along the polymer chain, they will move with that coordination site
as the polymer goes through its normal thermally activated bending and twisting motions.
This movement will allow an ion to transfer from one coordination site to another one
both by intermolecular and intramolecular movement. This is illustrated in Figure 2.3.1.
Ion diffusion will be in one direction if an electronic potential is applied. Therefore, a
cation will move toward the anode and anions towards the cathode. Free voliune effects
must also be important in ion transport to provide a pathway through which ions can
diffiise. This mechanism explains why amorphous polymers are the best matrices and
why the conductivity increases with rising temperature.*^
Poly(ethylene oxide), abbreviated PEO, has received the most attention of all the
ionic conducting polymers. Its structure is illustrated in Figure 2.1.10. Pioneering work
began on this polymer in the late 1970’s.^^ The oxygen atoms are the donor sites that are
used to coordinate with the catioiL The presence of these atoms explains why large
amounts of alkali metal salts are needed. The coordination of the polymer to one of the
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ions creates ion separation making the polymer an ionic conductor. The maximum
conductivity known for PEO is 10^ Q'* cm * at 100 °C. One drawback of PEO is that
since it is somewhat crystalline, the polymer must be heated to obtain optimal
conductivity. However, a tremendous amount of research effort in the 1980’s let to the
development ofnumerous PEO based ionic conducting polymers with room temperature
conductivities around 10’^ S cm *.'®
Comb polymers are often used as ionic conducting polymers. These polymers are
completely amorphous. They offer the coordination sites required for ionic conduction
and their backbone assists in the conformational transitions that allow movement of the
ions. One of the most widely studied is poly[bis(methoxyethoxyethoxide)phosphazene]
or MEEP. The conductivity of MEEP at room temperature is 2.2 x 10'® Q'* cm'*. This
value is 1000 times higher than the value for a similar system of PEO. Also, the
dimensional stability of the polymer to flow can be increased by chemical or radiation
crosslinking without a significant decrease in the conductivity.*® Khan and Li developed
poly(2-vinylpyridine)/PEO/ LiC104 blends with ionic conductivies as high as 10 S cm'*
at 25 *^C. These blends are elastomeric materials with dimensional stability.*
Sahs used for ionic conduction in polymers are normally bulky (eg. Lithium
triflate). These salts must have low lattice energies so that ion pairing and crystal forces
do not dominate. The conductivity of the polymer is dependent on the amount of salt
used.
2.4 Mixed Conducting Polymers
Mixed electronic and ionic conductors have been extensively explored on
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inorganic materials such as fluorite and pyrochlore compounds.’’ In mixed inorganic
conductors both ionic and electronic conductivities are generated in three ways:^
1. Thermal excitation
2. Deviation from stoichiometry
3. Doping
It has been found that mixed electronic and ionic inorganic compoimds exhibit feirly
high conductivities. For example, the total conductivity of0.75 M Bi2O3-0.25 M Tb407 at
833 K in air is 9.3 x 10" TuUer reported that the pyrochlore compound, Zri.xYx02-x/2,
exhibits an ionic conductivity ~ 10’’ S cm" ’ at 1000 with a broad electrolytic
regime.^’ Mixed conducting oxides have found a wide range ofapplications such as solid
oxide fuel cells, batteries, chemical sensors and oxygen-permeable membranes.^^
The first organic composite ofpolymer electrolytes with polymer electrodes in
secondary batteries was reported in 1981 by Chiang.^ In his work, a poly(ethylene
oxide)-NaI polymer electrolyte was sandwiched between two polymer electrodes, doped
polyacetylene films. Although the power density ofthis polymeric solid battery was as
high as 250 watt kg"’, serious problems ofpoor interpenetration and hindrance to ion
transfer at the interface in this battery were encountered. The recent developments on
blending ionic conducting polymers with electronic conducting polymers has somewhat
reduced the problems of the interpenetration ofthe two polymers. In addition, the use of
electroactive p)olymer blends reduces the problems encoimtered during ion transfer at the
interfece between electronic conductive polymers and ionic conductive polymers or
systems. Novak has reported the preparation ofa mixed (ionic and electronic)
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electroactive polymer blend ofpoly(pyrrole) with poly(ethylene oxide)/LiC104.^ This
blend strongly enhances the coulombic capacity of the electrode since the electrode
material is in closer contact with the electrolyte. However, microheterogeneous nature of
the blends hindered the ion diffusion process. A single polymeric material containing
both electronic and ionic conducting properties would be expected to show many




The preparation of 3-(bromomethyl)thiophene, abbreviated 3-BMT, is
necessary for the synthesis of the macromonomer. The synthesis of 3-BMT proceeds via
a free radical reaction. The chemical route for the preparation of 3-BMT is illustrated in
Scheme 3.1.1. 2,2’-Azobisisobutryonitrile, AIBN is the initiator (free radical catalyst)
used in this reaction.
CH3
Scheme 3.1.1 Preparation of3-(Bromomethyl)thiophene
Apparatus
Reaction Vessel
The reaction was run in a 500 ml, 3-neck round bottom flask. The outer two necks
of the flask were fitted with reflux condensers. The condensers were used for the addition




Apparatus for the Purification of3-methvlthiophene and Benzene
A 50 ml round bottom flask was attached to a 25 ml condensing flumel. A reflux
condenser is placed on top of the condensing funnel. The size is increased by a factor of
ten for benzene purification.
Reagents
3-Methylthiophene, 3-MT (Aldrich 98%) was purified by stirring with CaHi
overnight followed by distillation. Benzene (Fisher certified) was purified in the manner
similar as that used for 3-methylthiophene. N-Bromosuccinimide, NBS (Acros) was
purified by recrystallization. 2,2’-Azobisisobutryonitrile, AIBN (Aldrich 98%) was used
as received without further purification.
Procedure
Preparation of3-(Bromomethvllthiophene
The synthesis of 3-(bromomethyl)thiophene, 3-BMT, was performed according to
the method developed by Gronowkz and coworkers^^. To a 250 ml, 3-neck round bottom
flask, 100 ml of benzene and 35 g ofNBS (0.107 mol) was added. The NBS was allowed
to stir via mechanical stirring xmder a vigorous reflux. AIBN (0.5 g, 0.00321 mol) was
added to the solution. 3-methylthiophene (20.5 ml, 0.2122 mol) was added dropwise to
the refluxing solution. This mixture was allowed to stir for 3 hours. Afterwards, the
solution was separated from the succinimide by vacuum filtration. The succinimide was
washed with dry benzene. The benzene was removed via rotary evaporation. The 3-
(bromomethyl)thiophene was purified by vacuum distillatioa The final product was
colorless. (17.5 g ~50%).
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3.2 Preparation of 3-(2.5.8.11.14,17.20,23-octaoxvhexadodecvl) thiophene
The synthesis of 3-(2,5,8,ll,14,17,20,23-octaoxyhexadodecyl) thiophene, 3-
(OHDT) is shown in Scheme 3.2.1. 3-(OHDT) is prepared by the Sn2 reaction between 3-
(bromomethyl) thiophene and methoxy polyethylene glycol, MPEG.
Apparatus
Reaction Vessel
A 100 ml, 3-neck roxmd bottom flask is attached to a 250 ml condensation funnel.
Apparatus for the Purification ofTetrahvdrofuran
The apparatus for the purification of tetrahydrofuran is the same as that of
benzene.
Reagents
Tetrahydrofuran, THF (Fisher certified) was purified by distillation from sodium
metal and sodium benzophenone ketyl just before use. Sodium Hydride, NaH (Aldrich
95%) was used as received without further purificatioa Methoxy polyethylene glycol,
MPEG (Polysciences) was purified by freeze drying with benzene. Tetrabutylammonium
bromide, TBAB (Adrich 99%) was used as received without further purification.
Procedure
The method for the synthesis of 3-(2,5,8,ll,14,17,20,23-octaoxy hexadodecyl)








Scheme 3.2.1 Preparation of3-(2,5,8,l 1,14,17,20,23-octaoxyhexadodecyl) thiophene
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To a 100 ml, 3-neck round bottom flask, 2 g (0.0833 mol) ofNaH was added to 29.1 g
(0.0833 mol) ofMPEG in THE. The addition was done under a nitrogen blanket. TBAB
was used to modify the ion-pairing of the nucleophile. This mixture was allowed to stir
for 2 hours. This was followed by the addition of 3-(bromomethyl)thiophene (15 g,
0.0847 mol). The reaction was run under a gentle reflux for 72 hrs. The crude product
was washed with ethyl ether and water until neutral. The product was purified by column
chromatography, 90:10 mixture of hexane:ethylacetate. The amount collected was 12 g
(31% yield).
3.3 Polymerization of3-12,5,8,ll,14,17.20.23-octaoxvhexadodecvl)thiophene
The chemical polymerization of poly[3-(2,5,8,11,14,17,20,23-
octaoxyhexadodecyl)thiophene], P[3-OHDT], is illustrated in scheme 3.3.1 The
polymerization proceeds via oxidative coupling yielding the desired polymer. The
mechanism for polymerization is believed to proceed via a radical cation mechanism
Apparatus
Apparatus for Polymerization of3-(OHD'n
The apparatus for the synthesis of P[3-OHDT] is the same as that for the
preparation of the macromonomer.
Apparatus for the Purification ofChloroform
The apparatus for the purification ofchloroform is the same as that ofbenzene.
Reagents
Chloroform (Fisher certified) was purified by stirring with CaCli overnight
followed by distillation over CaCh. Ferric Chloride, FeCls (Aldrich 97%) was used as
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received without ftuther purification. The macromonomer, 3-(OHDT), was purified as
described in the procedure in section 3.2.
Procedure
The polymerization is similar to that reported by Sugimoto and coworkers^* and is




Scheme 3.3.1 Preparation ofP[3-OHDT]
In a 250 ml round bottom flask, FeCl3 ,(2.82 g 0.0175 mol) was added to 200 ml of
chloroform. 3-(OHDT), (2g 0.0043 mol), was added. The reaction was allowed to run for
four days. The reaction was terminated with 50 ml of methanol. The polymer was
removed via vacuum filtration and washed with methanol and water. The product was
then redissolved in THF and precipitated again using methanol. The polymer was
allowed to dry overnight using P2O5.
3.4 Preparation ofCopolymers of 3-Methvlthiophene and 3-(OHDT)
Apparatus
The apparatus is the same as that used in the polymerization of the
macromonomer.
Rea2ents
The reagents are the same as listed in section 3.3. 3-Methyhhiophene is the only
additional reagent. It is purified as described in Section 3.1.
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Procedure
The procedure is the same as that for the polymerization of the macromonomer.
Different weight fractions of 3-MT and 3-(OHDT) are used to obtain the copolymers
with different compositions.
3.5 Electrochemical Polymerization of 3-Methvlthiophene and 3-(OHDT)
The mechanism for polymerization of 3-MT and 3-(OHDT) is illustrated in
Scheme 3.4.1. The mechanism is similar to that of oxidative coupling described in the
previous section. When these monomers are electropolymerized, the polymer formed is





Scheme 3.4.1 Mechanism ofthe Electropolymerization of3-alkylthiophenes
Apparatus










Figure 3.5.1 Analytical Cell Kit Assembly Diagram
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Figure 3.5.2 EG&G PARC Model 263A Potentiostat
Reagents
3-Methylthiophene, 3-MT (Aldrich 98%) was purified by stirring with CaH2
overnight followed by distillation. 3-(OHDT) was used as prepared in section 3.2.
Lithium Perchlorate, LiC104 (Aldrich 99%) was used as received without further
purfication. Acetonitrile, CH3CN (Fisher certified) was used as received without fiirther
purification.
Procedure
Lithium perchlorate (0.5319 g .IM) was added to 50 ml ofCH3CN solution. Once
made, 10 ml of the solution was placed in the electrochemical cell. Approximately 0.5 ml
of 3-methylthiophene and/or 3-(OHDT) was added to the electrochemical cell. Varying
amounts of current were applied to the sample. The average current applied was from
-0.2 V to 2 V at an average scan rate of20 mV/S.
3.6 Preparation of Complexes of Pf3-OHDTl and P13MT-co-30HDT1
Preparation ofLiClOd Salt Complexes
The complexes of the homopolymer P[3-OHDT] and the copolymer P[3MT-co-
30HDT] were prepared by dissolving 200mg of polymer / copolymer in 50 ml of
chloroform, followed by the addition of a desired amount of LiC104 / THF solution with
vigorous stirring for several hours at room temperature. The solvent was removed by
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evaporation under a nitrogen stream at room temperature. The complexes were dried in a
vacuum oven for one day at 50 °C. All samples were stored in a dessicator and dried
again overnight in a vacuum oven at 60 before conductivity measurements were
taken.*
Doping ofP[3-OHDT] and P[3MT-co-30HDT] with Iodine
Approximately 200 mg of the homopolymer and copolymers were placed in a
dessicator. The system was kept under vacuum for 24 hours to remove moisture. The
vacuum was then released by filling the system with nitrogen. A vial containing iodine
crystals was placed into the dessicator. The pressure inside the dessicator was reduced to
10 mm ofHg and the sample was e3q>osed to iodine vapor for 72 hours. The vacuum was
released and the vial containing the unsublimed iodine was removed. The system was
brought back to vacuum for 24 hours to remove excess iodine present in the dessicator.
Finally, the vacuum was released and the doped sample was weighed. All samples were
stored in a dessicator and dried again overnight in a vacuum oven at 60 before
conductivity measurements were taken.
3.7 Characterization ofMonomers
Both 3-(bromomethyl)thiophene, 3-BMT and 3-(2,5,8,l 1,14,17,20,23-
octaoxyhexadodecyl)thiophene, 3-(OHDT) were characterized by numerous techniques
that are used in the characterization of organic molecules. Only a brief description of the
instruments and working conditions are given.
and NuclearMagnetic Resonance (NMRl
Routine 'H NMR was recorded on a Bruker ARX 400 NMR spectrometer in
CDCI3 or CD3OD. Tetramethylsilane, TMS was used as the internal standard.
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Fourier Transform Infrared Spectroscopy (TTIR)
FTER. spectra were recorded on aNicolet Impact 400 FTIR using sodium chloride
plates, NaCl as the background. Approximately 75 scans were taken for optimal
resolutioa
Gas Chromatographv-Mass Spectrometry (GC-MSI
Routine GC-MS was recorded on a Hewlett Packard 5971 Mass Selective
Detector, MSD instrument in CHCI3 or THF. The sample was injected at room
temperature. The oven temperature was increased in increments of 10 °C min'* to a
maximum temperature of300 ®C.
3.8 Characterization ofPolymers
The homopolymer and the copolymers were characterized by a number of
techniques. Since most of these techniques are widely used in polymer characterization,
only a brief description of the instruments employed and the working conditions used is
given. The techniques for conductivity will be addressed in more detail.
*^C Solid State Nuclear Magnetic Resonance (NMRI
Routine *^C Cross Polarization- Magic Angle Spinning, CP-MAS NMR were
recorded on a BrukerMSL 200 solid state NMR.
Differential Scanning Calorimetry (DSCI
The glass transition temperatures, Tg’s, and the melting tenq)eratures, Tm’s, of the
homopolymer and the copolymers were determined on a Perkin Elmer DSC-4 equipped
with a thermal data statioa The test specimen was packed in an aluminum pan holder and
scanned at a heating rate of 20 °C min'* under a nitrogen atmosphere. Depending on the
temperature range, the sanqjle was heated and quenched cooled at a rate of 320 °C min'*
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before thermograms were taken. The Tg’s were taken at the midpoints of the heat
capacity changes, the Tm’s were taken at the maximum of the enthalpy endothermic
peaks.
UV-Visible Spectra
All UV-Visible spectra were obtained using a Beckman DU 640
spectrophotometer, which was interfeced with an Epson LQ-510 printer. Acetonitrile was
used as the solvent for sample preparation.
Conductivity Meausrements
Preparation of Sanqjle: Samples were dried in a vacuum oven overnight at 60
before taking conductivity measurements. The reqiiired amovmt of dried samples were
placed in a stainless steel die and pressed into the pellets on a Carver Laboratory Press
with about a 7 metric ton load.
Impedance Measurements
Impedance measurements were performed as follows: A polymer pellet (13 mm
diameter) sandwiched between two copper electrodes was packed in a sealed cell under a
dry nitrogen atmosphere. A small amount of phosphorous pentoxide was placed on the
bottom of the cell to protect the sample from moisture. A mineral oil bath equipped with
a laboratory immersion heater provided heating and temperature control. The frequency
dependence of the sample impedances were measured with a Hewlett Packard 4192A
In^edance Analyzer over a range of 5 Hz to 13 MHz.
Assuming that the homopolymer and the copolymers have a two phase
microstructure, it was also assumed that several components were present in this system;
geometrical capacitance of the sample (Cg), bulk resistance (Rb), interfecial capacitance
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(Ci), and interfecial resistance (Ri) between the two phases. The equivalent electrical
circuit is shown in Figure 3.8.1.
Figure 3.8.1 Equivalent Circuit for the Complex Impedance ofthe Homopolymer and
the Copolymers
The frequency dependence of the impedance of the equivalent circuit is presented
in Equation 1.
R b (L + ioC jR i)
Z ~ 2 i
(L~CiO C gC iRbRi)+ XO PiRi+CiRb + CgRb)
Where co = Angular frequency
Impedance is a complex quantity and consists of two components: a real
component Z and an imaginary component Z . Z and Z are related to impedence, Z, by
Equation 2:
Z = Z+jZ” (2)
The plot of the real part (Z ) versus the imaginary part (Z ) k the complex impedence
diagram or the Cole-Cole plot. This diagram is characterized for polymer electrolytes by
arcs. The bulk resistance of the ionic conducting polymer was derived from such a
diagram where the imaginary part of the impedance is zero.®^’ ™ The bulk resistance for
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the electronic conductivity was obtained from this diagram where the impedance and
reactance did not change significantly the with frequency in the low frequency range. The






Where ct = conductivity;
D = thickness ofthe sample;
A = the section area of the sample;
Rb = the bulk resistance.
CHAPTER rv
RESULTS AND DISCUSSION
4.1 Properties of 3-(Bromoinethv!)thiophene
Figure 4.1.1 illustrates the NMR spectrum of 3-BMT. The peak at 2.2 ppm
corresponds to the methyl protons that are from the side product of this reaction, 2-
bromo-3-methylthiophene. The peak at 4.5 ppm corresponds with the methylene protons
that are attached to the substituted bromine (-CH2Br). The protons at 7.2 & 7.4 ppm are
the ortho and meta protons to the thiophene sulfiir, respectively. The elemental
composition of 3-BMT calculated from 'H NMR spectroscopy agreed well with
elemental analysis. A correction is made for the presence of a small amount of the side
product ofthe reaction, 2-bromo-3-methylthiophene. This is shown in Table 4.1.1.
Table 4.1.1 Elemental Composition of3-(Bromomethyl)thiophene
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Figure 4.1.1 400 MHz NMR Spectrum of3-(Bromomethyl)thiophene -J
Figure 4.1.2 FTIR Spectrum of3-(Bromomethyl)thiophene 00
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Figure 4.1.2 shows the FTIR spectrum of 3-BMT. The peaks at 3111 cm'* and at
2911 cm'* ‘s are the aromatic and aliphatic C-H stretches respectively. The peak at 1703
cm'* is the aromatic C=C stretch. The peak at 1426 cm'* is the aliphatic C-C stretch. At
1222 cm'*, the C-Br stretch is present. The C-S stretch is weak but it can be observed.
Molecular Weight Determination
The molecular weight of3-BMT was confirmed by GC-MS. There is a huge mass
to charge peak at 177. The value 177 is the calculated value of the mass of 3-BMT. GC-
MS studies also revealed a mass to charge peak at 98, which would correspond, to 3-
BMT minus the bromine. Gas chromatography revealed that a retention time, Rt, of 7
minutes is the major product. At this Rt, the product is 73.1% pure.
4.2 Properties of 3-(2.5,8.11,14,17,20,23-octaoxvhexadodecvnthiophene
Chemical Structure and Composition
The macromonomer 3-(OHDT) was synthesized as shown in Scheme 3.2.1. The
*H NMR spectrum is shown in Figure 4.2.1. The peaks at 3.3 and 3.6 ppm correspond to
the methoxy protons at the end of the long oligooxyalkyl chain (-OCH3) and the
methylene protons on the ethylene oxide (PEG) repeat units (-CH2CH2O) respectively.
The peak at 4.6 ppm corresponds to the methylene protons on the thiophene ring. This is
the active site where the Sn2 displacement occurred; [(R-CH2-X), R represents the
thiophene ring and X represents PEG]. The peaks between 7.1 & 7.4 ppm are the
aromatic protons on the thiophene ring. The elemental composition of 3-(GHDT)
calculated from *H NMR spectroscopy agreed with elemental analysis. This is shown in
Table 4.2.1.
Figure 4.2.1 400 MHz ’H NMR Spectrum of3-(2,5,8,l l,14,17,20,23-octaoxyhexadodecyl)thiophene
O
Figure 4.2.2 FTIR Spectrum of3-(2,5,8,11,14,17,20,23-octaoxyhexadodecyl)thiophene
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The purity of 3-(bromomethyl)thiophene is only 73%. However after Sn2 reaction, pure
macromonomer is obtained.
Table 4.2.1 Elemental Composition of3-(OHDT)





Figure 4.2.2 illustrates the FTIR spectrum of 3-(OHDT). The peaks at 3104 cm'*
and 2874 cm'* are the aromatic and aliphatic C-H stretches respectively. The strong peak
at 1117 cm"’ is the C-O-C stretch from PEO. The UV-Vis data reveals a maximim
wavelength, X-nax, at 259 nmwhich is normal for 3-substituted thiophenes.
Molecular Weight Determination
The molecular weight of 3-(OHDT) was confirmed by GC-MS. The mass to
charge peak of 436 is an exact match ofwhat the molecular weight of 3-(OHDT) is. A
large peak at 97 is the mass of the thiophene ring with the methylene protons in the three
position attached to it. There are also increasing fragments with a mass to charge ratio of
44. This indicates the increasing increments of the ethylene oxide units. The GC reveals
R<’s of 9.98, 11.44, 12.95, 14.37, 16.06 and 17.27 minutes. This is due to the varying
chain length or PEO, The molecular weight of methoxy polyethylene glycol, MPEG is
approximately 350 g. In reality, the molecular weight of MPEG is an average of one to
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eight repeat iinits ofethylene oxide. The substitutions to the thiophene rings have varying
amounts ofPEO on them.
Thermal Properties Analysis
The thermal properties of the macromonomer, 3-(OHDT), were investigated. The
results are shown in Figure 4.2.3. A Tg was observed at -77 °C. This is the Tg of the
oligooxyethylene side chains in the macromonomer. This value is close to the literature
value of -67 for PEO.'^ The crystallization temperature, Tc, is at -50 and the melt
temperature, Tm, is at -35 °C.
Electrochemical Studies of 3-(Methvlthiophene1 and 3-('2.5.8.11.14.17.20.23-
octaoxyhexadodecvlbhiophene
The cyclic voltagram of 3-methylthiophene is shown in Figure 4.2.4. As the
electropolymerization increases, the cyclic bands on the voltagram “grows” indicating
polymer growth. Depending on the concentration of monomer, the thickness of the
polymer film can be measured. This can also be dependent upon the number of cycles.
The growth of poly(3-alkylthiophenes) on the voltagram, can be increased with catalytic
amoimts ofpolymer.^*
Several electrochemical studies have been performed on 3-(alkylthiophenes) and
3-(alkylthiophenes) with oxyalkyl substituents.®*’ As the alkyl chain increases, a
higher oxidation potential for the monomer is required in order for polymerization to
occur. This creates a higher polymerization potential for electropolymerization to occur.
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Figure 4.2.3 DSC Thermogram of 3-(OHDT)
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An electropolymerization ofthe macromonomer 3-(OHDT) was attempted. It was
not successful. Steric factors were the primary reason. A second reason may be that the
macromonomer has only one methylene spacer. Previous research has revealed that
monomers with one methylene spacer have higher oxidation potentials than monomers
with two or three methylene spacers.’’ Since the number ofPEO chains were so long, an
oxidation potential for the macromonomer was not obtainable. Therefore,
electropolymerization on the macromonomer is not obtainable. Even with catalytic
amoimts of the chemically synthesized homopolymer, P[3-OHDT] added as a catalyst,
electropolymerization still did not occur.
Figure 4.2.4 Cyclic Vohagram of 3-Methylthiophene
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4.3 Properties of P[3-OHDT1 and P[3MT-co-30HDTl
CP-MAS Solid StateNMR Spectra
Figures 4.3.1 - 4.3.3 displays the solid state CP-MAS spectraofthe
P[3-OHDT], the 90:10 P[3-MT-co-30HDT] and 50:50 P[3-MT-co-30HDT]
compositions of the copolymers. The spectrum of the homopolymer reveals the ethylene
oxide carbons and the methoxy carbon at 35 ppm. The aromatic protons show up around
150 ppnL The 90:10 P[3-MT-co-30HDT] copolymer has two distinct peaks. The peak at
15 ppm represents the methyl carbon for poly(3-methylthiophene). The methoxy and
PEO carbon concentrations are not large enough to be determined in this spectra. The
aromatic protons are at 135 ppm. With the 50:50 P[3-MT-co-30HDT] copolymer, the
aromatic protons show up at 135 ppm. There is a combination of two peaks between 25
ppm and 40 ppm. These peaks correspond to the methyl carbon from poly(3-
methylthiophene) and the methoxy and PEO carbons from P[3-OHDT]. The reason why
the peaks for the ethylene oxide carbons are small may be due to ineffective cross
polarization because the soft ethylene oxide segments do not effectively cross polarize.
UV-Visible Spectra
There are three major peaks observed in the UV spectra of the polymer. They are
at 239 nm, 310 mn, and 359 nm. These peaks are due to the different lengths of the
ethylene oxide repeat units. Roncali and coworkers discovered that a blue shift occurs
when the number of PEO units are greater than two.^ In the homopolymer, we may have
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This phenomenon is discussed earlier in this chapter. The longer wavelength (359 nm) is
the shorter PEO side chain attached to the ring whereas the shorter wavelength (239 nm)
is the longer PEO side chaiiL These properties are also seen with the copolymer and are
illustrated in Table 4.3.1.
Table 4.3.1 UV-Visible Maximum Wavelengths ofthe Copolymers
Copolymer (%wt.) A>maT 1 (nin) ^inax2 (nffl) ^niM3 (nm)
90:10 268 290 359
80:20 268 307 359
70:30 289 372 460
60:40 305 323 340
50:50 238 310 360
Thermal Properties Analysis
There are two distinct glass transition tenq)eratures for the homopolymer. The
high Tg is at 72 ®C. This value correlates with the hard thiophene backbone. The
homopolymer also reveals a low Tg at -47 °C. This is illustrated in Figure 4.3.1. Even
though there are varying amounts of PEO side chains in the homopolymer, there is a
sufficient amount ofPEO in the homopolymer for the low temperature Tg to be detected.
Table 4.3.2 shows the thermal data for the copolymers. DSC studies indicate the presence
of glass transition temperatures between 65 and 76 °C for the copolymers. The low
temperature Tg’s are not observed for the random copolymers. Most likely, the ethylene
oxide domains may not be large enough in size in the copolymers to be determined by
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DSC and more sensitive techniques may be necessary to determine the low Tg for the
copolymers.












Ionic Conductivities ofLiClO^ Complexes
Ionic conductivity measurements were carried out on P[3-OHDT] and P[3MT-co-
30HDT]. The homopolymer and the copolymers were complexed with LiC104 with an
ethylene oxide/Lr mole ratio of 8:1. The ionic conductivities are listed in Table 4.3.3.






0 100 1.7 xlO"^
90 10 —





The pellet was broken before the conductivity of the 90:10 copolymer could be measured.
Polymers of this type, normally, exhibit ionic conductivities aroimd lO"® S cm'*.
Therefore, the conductivity of the homopolymer is acceptable. The ionic conductivity of
the copolymers increases as the percentage ofP[3-OHDT] is increased. This is expected
because there is a greater percentage of ethylene oxide units present as the amoimt of 3-
(OHDT) increases. This fecilitates in the availability ofmore sites for ion transport.
Electronic Conductivities of the Homopolvmer and the Copolymers
Low frequency electronic conductivities of poly[3-(2,5,8,l 1,14,17,20,23-
octaoxyhexadodecyl)thiophene] and poly(3-methylthiophene)-co-poly[3-
(2,5,8,1 l,14,17,20,23-octaoxyhexadodecyl)thiophene] were measured at a frequency of 5
Hz. The electronic conductivities are shown in Table 4.3.4.^
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The maximum electronic conductivity of the copolymers observed is 6.6 x 10 *. This
value is for the 90:10 copolymer. The values for the other copolymers are around 10'^ S
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cm'*. It was expected that the value of the copolymers would decrease as the amount of
3-(OHDT) was increased. The fact that the conductivity did not decrease may be due to
the £ict that with oligiooxyethylene chains varying in size of repeat units, there may not
be enough PEO present to decrease the conductivity. If the oligiooxyethylene sidechains
are primarily short chains, the effect of decreasing the conductivity would be minimal.
The conductivity of the homopolymer is 3.54 x 10^ S cm'*. This value is lower than the
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Figure 4.3.4 Low Temperature Glass Transition Temperature of the Homopolymer
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CONCLUSION
The monomer, 3-(bromomethyl)thiophene, and the macromonomer, 3-
(2,5,8,11,14,17,20,23-octaoxyhexadodecyl)thiophene has been successfiilly prepared.
The macromonomer structure has been confirmed by *H-NMR, NMR, GC-MS and
elemental analysis. Thermal analysis on the macromonomer indicates the presence of a
Tg at -77 corresponding to oligooxyethylene units. The macromonomer cannot be
electropolymerized and is more than likely, due to steric factors.
The homopolymer, poly[3-(2,5,8,l l,14,17,20,23-octaoxyhexadodecyl)thiophene]
was successfully synthesized via FeCla oxidative coupling. NMR CP-MAS studies
confirm the structure of the homopolymer. The peak at 35 ppm corresponds to the
methoxy and PEO carbons. The UV-Visible spectrum reveals three separate Xmax values
at 239 nm, 310 nm, and 359 nm. These peaks are due to the different lengths of the
ethylene oxide sidechains. Thermal studies reveal a low Tg at -55 °C for the
homopolymer. This value corresponds to the oligooxyethylene sidechains on the
thiophene backbone. A high Tg at 77 °C corresponding to the hard thiophene backbone is
also observed. The maximum ionic conductivity value for the homopolymer is 1.7 x lO"^




octaoxyhexadodecyl)thiophene] were also successfully prepared via oxidative coupling.
NMR CP-MAS studies confirm their structure. The copolymers exhibit a range of
glass transition temperatures between 65 to 76 ®C. There was not a low transition
present for any of the copolymers. This may be due to the fact that there is not enough
oligooxyethylene domains to be determined by DSC. The maximum value for the ionic
conductivity is 1.0 x 10"’ S cm'*. This was observed for the 60:40 P[3-MT-co-30HDT]
and 50:50 P[3-MT-co-30HDT] copolymers. The maximum value for the electronic
conductivity is 6.6 x 10 S cm'*. This was observed for the 90:10 P[3-MT-co-30HDT]
copolymer. The synthesis and characterization of these polymers pave the way for their
use m MEMS devices, i.e. synthetic muscles, and transmembrane electron transfer to
biomembranes.
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